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Figure	10.	Pollen	mother	cells	from	a	Dichanthium	species.	A)	PMC	prepared	using	an	aceto-
orcein	squash.	Chromosome	are	overlapping	and	on	different	focal	planes	(100X	oil).	Using	a	
modified	SteamDrop	method	(B-E),	chromosomes	are	well	spread	and	elongated	allowing	
better	resolution.	B)	PMC	with	well-spread	chromosomes	on	the	same	focal	plane.	Minor	
cell	shrinkage	is	observed	compared	to	the	squashed	PMC	(A)	(100X	oil).	C)	PMC	stained	with	
DAPI	an	imaged	with	a	confocal	microscope	to	show	higher	resolution	of	chromosome	
structure	(40X	oil).	Red	circle	designates	a	single	chromosome.	D)	4	PMCs	in	prophase	I	
(lower	left	and	lower	right),	metaphase	I	(upper	right),	and	anaphase	I	(upper	left)	depicting	
the	large	range	of	meiotic	stages	prepared	on	a	single	slide	that	makes	preparing	
chromosomes	in	the	BCD	clade	challenging	(40X).	E)	PMC	in	anaphase	stained	with	DAPI	
(20X).	
	
Improvements	in	Collection	and	Fixation	
Inflorescences	were	treated	with	HQ	immediately	after	collection	to	ensure	cells	were	
fixed	in	the	phase	of	meiosis	they	were	in	upon	collection.	It	is	preferable	to	work	in	meiotic	
tissue	over	mitotic	tissue	when	dealing	with	species	with	high	chromosome	counts	because	
gametes	typically	have	half	the	chromosomes	of	somatic	tissue.	Like	many	of	the	panacoid	
grasses,	the	BCD	clade	flowers	in	the	summer	and	fall	with	the	majority	of	inflorescences	
collected	from	August	to	October.	Therefore,	tissue	samples	have	to	be	collected	on	a	mass	
scale	and	often	stored	for	several	months.	An	efficient	and	effective	pretreatment-fixation	
protocol	is	necessary	to	ensure	collected	samples	are	arrested	in	the	correct	stage	of	meiosis	
and	properly	preserved.		
Pretreatment	with	HQ	helps	to	ensure	the	cells	are	fixed	during	the	short	time	window	
of	late	prophase	to	metaphase.	8-hydroxyquinoline	inhibits	spindle	fiber	formation	causing	the	
cell	to	arrest	in	metaphase	(Ekong	N.	J.,	2013).	Therefore,	any	cells	entering	metaphase	or	
undergoing	anaphase	will	not	be	able	to	complete	these	stages.	If	the	spindle	fibers	are	not	
inhibited	fast	enough	(slow	infiltration	of	HQ),	PMCs	can	move	through	anaphase	I	and	
cytokinesis	completing	the	first	round	of	meiosis.	Many	of	the	PMCs	observed	during	
inflorescences	screening	were	in	metaphase	or	anaphase,	suggesting	that	HQ	was	not	inhibiting	
spindle	fibers	fast	enough	in	these	experiments	(Figure	4D	&	E).	The	PMC	in	Figure	4C	has	
condensed	chromosomes	but	also	many	overlapping	globular	structures	that	are	partially	
condensed	chromosomes,	making	accurate	counts	difficult.		The	inability	to	arrest	cells	in	a	
stage	where	chromosomes	are	fully	condensed	and	not-overlapped	remains	a	challenge	for	
preparing	chromosomes	in	the	BCD	clade.		
An	alternative	or	co-pretreatment	may	be	required	to	arrest	the	majority	of	cells	in	the	
correct	stage.	If	we	assume	the	HQ	is	not	penetrating	the	cell	wall/membrane	fast	enough,	a	
solution	might	be	to	treat	the	tissue	with	liquid	nitrogen	to	generate	many	openings	within	the	
cell.	Abbassi	(2014)	demonstrated	liquid	nitrogen’s	ability	to	increase	permeability	of	the	cell	
wall	in	algae	through	cracking	resulting	from	thawing.	Inflorescences	dipped	in	liquid	nitrogen	
would	have	more	permeable	cell	walls	that	would	allow	faster	penetration	of	HQ	and	Carnoy’s	
solution.	Increasing	the	rate	of	fixation	and	decrease	the	number	of	cells	that	move	forward	
through	prophase	or	metaphase.	This	approach	may	create	artefacts	that	are	currently	
unknown	as	there	is	little	to	no	literature	for	using	liquid	nitrogen	as	a	pretreatment	for	
chromosome	preparation.	Liquid	nitrogen	is	typically	used	to	fix	cells	onto	slides	before	staining	
(Fukui,	1996).	Finding	a	method	to	speed	the	activity	of	HQ	should	be	prioritized	in	future	
experiments.		
	 The	second	aspect	of	chromosome	preparation	analyzed	in	the	BCD	clade	was	fixation.	
A	good	fixative	digests	all	cellular	components	except	chromosomes,	preserves	tissue	structure	
with	no	osmotic	swelling,	and	doesn’t	interfere	with	staining	properties	of	tissues	(Ruzin,	1999).	
In	this	method,	tissue	was	fixed	in	either	Carnoy’s	II	solution	or	4%	paraformaldehyde.	
Paraformaldehyde	fixes	tissue	through	chemical	crosslinking	of	protoplasmic	components	and	
the	chemical	crosslinks	are	retained	in	tissues	after	processing	(Ruzin,	1999).	As	a	result,	the	
PMC	observed	showed	cytoplasm	thickening,	causing	low	resolution	and	alteration	of	cell	
structure	(Figure	3A).	Long-term	storage	in	4%	paraformaldehyde	further	resulted	in	cellular	
degradation	and	unusable	tissue.	The	acetic	acid	in	Carnoy’s	II	solution	denatures	cytoplasmic	
proteins	and	the	alcohol	transforms	protoplasm	into	an	artificially	interconnected	network.	
Transferring	the	inflorescences	to	70%	ethanol	for	storage	prevented	over-digestion	of	the	
cytoplasm	while	maintaining	the	artificial	network	created	by	the	alcohol	(Ruzin,	1999).		
	
Benefits	of	Generating	a	Cell	Suspension		
	 Dropping	techniques	differ	from	squashing	and	spreading	techniques	largely	due	to	the	
generation	of	a	cell	suspension.	Squashing	and	spreading	techniques	process	an	entire	
inflorescence	directly	on	a	single	slide.	This	can	result	in	a	thick	tissue	sample	that	shortens	the	
focal	distance	during	imaging,	therefore	decreasing	resolution.	Cell	suspensions	slightly	dilute	
the	PMC	to	prevent	overlap	and	create	ease	in	spreading	cells.	Processing	a	whole	inflorescence	
directly	on	the	slide	also	means	you	can	only	generate	one	slide	per	inflorescence.	If	an	error	
occurs	during	preparation	in	a	squashing	or	spreading	method,	an	entire	sample	would	be	lost.	
Generation	of	a	cell	suspension	increases	resolution	and	permits	replication.	
	
Disadvantages	of	the	Air	Drop	Method	
	 Originally	developed	to	overcome	the	rigidity	of	the	cell	wall	in	chromosome	
preparation,	dropping	techniques	classically	rely	on	enzymatic	digestion	for	the	removal	of	cell	
walls	and	permeabilization	of	the	cell	membrane.	In	the	BCD	clade,	enzymatic	digestion	makes	
PMCs	incredibly	fragile	and	easily	macerated	in	subsequent	washing	steps	(Figure	4D).	When	
PMCs	survived	intact,	cytoplasm	was	not	observably	cleared	in	the	manner	described	by	Kuo	et	
al.	(2016).	‘Bombardment’	of	the	cells	onto	the	slides	using	the	described	method	was	
supposed	to	stretch	or	burst	the	cells,	thinning	or	clearing	the	cytoplasm,	which	should	increase	
resolution	of	the	chromosomes.	Clearing	cytoplasm	is	particularly	important	because	
fluorescent	in-situ	hybridization	is	most	successful	on	samples	with	minimal	cytoplasmic	
interference	(Kuo	et	al.,	2016).	Overall,	the	air	drop	technique	is	not	successful	in	the	BCD	clade	
due	to	fragility	of	PMCs	after	enzymatic	digestion	and	failure	to	clear	cytoplasm	resulting	in	
overall	low	resolution.		
	
Advantages	of	the	Modified	SteamDrop	Method	
	 The	modified	SteamDrop	technique	swells	cells	and	spread	chromosomes	across	the	
same	focal	plane	through	rapid	rehydration	of	cells	(Kirov	et	al.,	2014).	The	use	of	steam	
induces	rapid	cell	wall	hydrolysis,	cytoplasm	rehydration	and	swelling,	and	chromosome	
movement;	all	of	which	were	observed	in	BCD	clade	samples	(Figure	5A-B).		Once	the	cell	
suspension	is	initially	dropped	on	the	slide	and	the	ethanol	evaporates,	the	sample	is	re-fixed	in	
a	fixative	composed	of	ethanol	and	acetic	acid.	The	reintroduction	of	alcohol	strengthens	the	
cytoplasmic	network	formed	during	the	initial	fixation,	while	the	acetic	acid	clears	the	
cytoplasm	of	any	artefacts	that	may	have	formed	during	processing	(Ruzin,	1999).	This	process	
of	dropping	and	re-fixing	maintains	cellular	integrity	and	preps	the	cells	for	the	shock	of	rapid	
rehydration.		
Introduction	of	steam	when	the	fixative	has	almost	evaporated	from	the	slide	and	is	in	a	
thin	layer	over	the	cells	resulted	in	swelling	of	the	cytoplasm	(Figure	10B).	Swelling	is	not	
thought	to	be	a	result	of	membrane-mediated	osmosis,	but	instead	caused	by	fixation-induced	
alterations	to	the	cytoskeleton	(Claussen	et	al.,	2002).	Steam	introduces	water	equally	across	
the	slide	surface	allowing	even	cytoplasm	rehydration	and	swelling	across	the	cell	(Henegariu	et	
al.,	2001;	Kirov	et	al.,	2014).	The	even	expansion	of	the	cytoplasm	pulled	the	chromosomes	
along	to	create	a	spread	across	a	single	focal	plane	(Figure	10B).	If	evaporation	of	fixative	
occurs	faster	than	rehydration	of	the	cell,	cell	shrinkage	can	occur,	preventing	maximum	
chromosome	spreading.	Increasing	the	temperature	of	the	water	bath	used	for	steam	can	
prevent	the	minor	cell	shrinkage	that	was	observed	(Figure	10B).	Low	humidity	results	in	the	
ethanol	component	of	the	fixative	evaporating	faster	than	the	cell	is	rehydrated,	resulting	in	a	
high	concentration	of	acetic	acid	that	can	over	digest	the	cytoplasm	and	prevent	swelling	(Kirov	
et	al.,	2014;	Sharma	&	Sharma,	2001).	In	future	uses	of	this	method,	it	is	recommended	that	
either	the	concentration	of	acetic	acid	in	the	fixative	is	lowered	or	that	the	temperature	of	the	
water	bath	used	to	generate	steam	is	increased	to	avoid	cell	shrinkage.	
The	combination	of	pressure	from	the	evaporating	fixative	and	rapid	rehydration	can	
also	result	in	elongation	of	chromosomes	(Henegariu	et	al.,	2001).	This	was	observed	in	several	
instances	(Figure	10C).	What	causes	chromosome	stretching	is	still	not	fully	understood,	but	
Kirov	et	al.	(2014)	showed	moderate	humidity	in	steam	treatments	results	in	chromosome	
spreading	and	larger,	less	stretched	chromosomes.	This	suggested	that	modifying	the	
temperature	of	steam	treatments	could	influence	the	amount	of	stretching.		Distorted	
chromosomes	will	affect	analyses	such	as	genome	mapping	and	should	be	avoided	in	these	
preparations	(Claussen	et	al.,	2002;	Henegariu	et	al.,	2001).		
	 Cytogenetic	studies	on	the	BCD	clade	are	difficult	because	of	the	large	number	of	very	
small	chromosomes.	The	modified	SteamDrop	method	overcomes	two	of	the	three	major	
barriers	of	preparing	chromosomes	in	the	BCD	clade.	This	approach	was	able	to	spread	the	
large	number	of	chromosomes	with	minimum	overlap	and	should	allow	for	accurate	
chromosome	counts	in	future	studies.		The	protocol	also	slightly	elongated	the	small	sized	
chromosomes	allowing	for	the	potential	description	of	structures	like	chromosome	knobs	or	
specific	banding	patterns.	Ergo,	the	modified	SteamDrop	has	been	demonstrated	to	be	an	
effective	method	to	visualize	chromosomes	in	the	BCD	clade.	
The	last	barrier	to	easy	preparation	of	chromosomes	in	the	BCD	clade	is	the	
inconsistency	of	capturing	cells	in	late	prophase	or	early	metaphase.	Observations	using	HQ	as	
a	pretreatment	suggest	cells	are	not	being	arrested	quickly	enough.	Methods	to	facilitate	
infiltration	of	HQ	must	be	examined	further	to	overcome	this	roadblock.	
	
Further	Application	
	 In	order	to	confirm	chromosome	counts	and	cytogenetic	behavior	described	by	Harlan	
and	de	Wet,	this	method	will	be	applied	to	obtain	chromosome	counts,	describe	chromosome	
association	(univalent,	bivalents,	etc.),	and	record	other	chromosome	and	meiotic	
abnormalities	during	future	studies.	Modern	molecular	tools,	such	as	fluorescent	in-situ	
hybridization,	will	be	applied	to	karyotype	members	of	the	BCD	clade	and	observe	chromosome	
behavior	in	subgenomes	with	a	focus	on	hybrids	and	genome	dominance.		
	 Few	geneticists	or	plant	breeders	deliberately	take	advantage	of	polyploidy	and	
interspecific	hybridization	for	crop	improvement	(Mason	&	Batley,	2015).	The	process	of	
domestication	reduces	genetic	diversity	and	many	crops	have	experience	significant	losses	of	
allelic	diversity.		Introgressive	hybridization	may	be	beneficial	in	introducing	desirable	traits	
from	wild	relatives	back	into	domesticated	crops.	Studying	introgressive	hybridization	and	
genome	dominance	in	a	compilospecies,	like	the	one	found	in	the	BCD	clade,	may	help	us	
better	understand	how	traits	can	be	introduced	into	polyploidy	cereals.	
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